Cite this: Chem. Commun., 2014, 50, 1962 A reversible and stable flake-like LiCoO 2 cathode for lithium ion batteries † and Na-ion batteries 3 are currently being investigated as the alternatives to overcome the barriers, continuous optimization in the properties of existing materials for commercial LIB in an effort to improve the reversible capacity and safety, on the other hand, has received constant interest. The state-of-the-art LIBs use lithium salt in an organic solvent as the electrolyte, graphite as the anode and the material of choice among LiCoO 2 , LiFePO 4 , LiMn 2 O 4 or Li 3 V 2 (PO 4 ) 3 as the cathode. Layer structured LiCoO 2 is still considered the most important commercial cathode for LIB owing to its high voltage, high reversible capacity and long cycle stability, despite its high price and slight toxicity.
The improvement of commercial LIBs has been mainly focused on retaining capacity, stability and safety at the highest rates possible. Rate capability is one of the key properties for LIBs to be employed in large power consumption applications such as all-electric/hybrid vehicles and grid energy storage. 4 Mounting experimental evidence has suggested that decreasing the particle size by nanostructuring LiCoO 2 can render high charge-discharge rates as a result of increased electrode-electrolyte contact area and a shortened migration pathway for Li + transport. 5 On the other hand, controlling the morphology is another way to enhance the rate performance, one example of which is the ''balls'' structured LiCoO 2 prepared by the so-called ''desert rose'' method. If not, the shearing stress can cause a nonuniform dimensional change within the particle, and consequently result in fractures and decrease in the conductivity. One solution is to modify the surface with a metal oxide such as ZrO 2 to achieve a zero-strain state, which has been shown to greatly improve the cycle life of the LiCoO 2 cathode. In this work, we demonstrate improved capacity and cycle stability at 0.1-2 C by controlling the morphology of LiCoO 2 cathode particles. Xiao et al. previously showed that the nanoscaled flake-like LiCoO 2 possesses an excellent initial capacity, 7b but the cycle performance faded quickly upon cycling. The inability of nano-plate LiCoO 2 cathodes to resist the internal strain by the nonuniform dimensional change and the propensity to react with the liquid electrolyte are believed to be the main reasons for the capacity fade. In this study, we show synthesis of micro-sized LiCoO 2 with thick and dense flake morphology (termed ''flake-like LiCoO 2 ''). Such a dense and thick flake structure is expected to be stronger than the nano-sized flake structure to resist damage caused by internal strain/stress. The flake-like LiCoO 2 has a smaller specific area surface to contact with the liquid electrolyte, yielding less reaction and Co 4+ dissolution. These attributes ensure micro-sized flake-like LiCoO 2 to exhibit excellent reversible capacity, long-term cycle stability and safety with reasonable capacity retained. According to a study in ref. 12, the similar micro-sized flake-like LiMn 0.4 Ni 0.4 Co 0.2 O 2 (LMNC) cathode indeed exhibits a higher capacity and longer cycle life than those with nanostructured ones. The micro-sized flake-like LiCoO 2 cathode was synthesized by a two-step method described in the ESI † as well as in our previous work. 13 CoO nanoplates were used as the precursors to produce LiCoO 2 . Their scanning electron microscope (SEM) images are shown in Fig. 1a . The CoO nano-plates exhibit a dimension of 2-4 mm in width and 10 nm in thickness. The LiCoO 2 flakes were formed by reacting CoO nano-plates with LiOHÁH 2 O, followed by calcination at 850 1C in air for 10 h. The surface area analyzed by the BET method is 0.8 m 2 g À1 .
The phase of LiCoO 2 was confirmed by XRD, as presented in Table 1 , to possess a c/a = 4.993, indicating a layered structure. The morphology of the micro-sized LiCoO 2 particles shown in Fig. 1b clearly shows a thick (B0.85 mm) and dense flake morphology. As indicated by the selected area electron diffraction (SAED) pattern along the [001] zone axis direction shown in Fig. 1c and Fig. S6 and S8 of the ESI, † the flake-like LiCoO 2 possesses preferentially exposed non-electrochemical active (001) planes and electrochemically active planes (100) and (010) on the straight edges for Li + diffusion.
It is common to observe a large degree of cation disorder in the layered a-NaFeO 2 structured cathode materials. When transition metal (such as cobalt) atoms are misplaced on the Li + sites, the Li + pathways would be disrupted along with increased attraction between the neighboring MO 2 sheets, thus lowering the Li + mobility and capacity. 14 Charge-discharge characteristics of coin-type cells with the micro-sized flake-like LiCoO 2 cathode are shown in Fig. 2 . The galvanostatic discharge capacity is 163 mA h g
À1
. At 1 C, the charge and discharge capacities are 159 (not shown in Fig. 2 ) and 148 mA h g À1 , respectively, whereas at 2 C, the charge and discharge capacities decrease to 131 and 123 mA h g À1 , respectively. Compared with the 4.2 V cut-off voltage commonly used for LIBs, the higher 4.4 V cut-off voltage used for this cathode enables a higher discharge capacity. Some independent groups have also confirmed that the micro-sized LiCoO 2 sintered at high temperatures for longer time yields better capacity in the very first few cycles. 5a,10a,15 At 5 C, however, the flake-like LiCoO 2 cathode showed a drastic reduction in capacity even after the first cycle. This finding is consistent with Shi's study, 12 where the similar micro-sized flakelike LNMC exhibits good reversible capacity at 0.1, 0.5, 1 and even 2 C, but not at 5 C. For the similar flake like but nano-sized LiCoO 2 cathode, this was not the case; even at 5 C it showed a rather high capacity. 7b We believe that the high surface area possessed by the nano-sized LiCoO 2 was the main factor which maintained the high rate, even though it was not sustainable for an extended period due to its high reactivity with the electrolyte. For comparison, we also synthesized a normal LiCoO 2 cathode (named C1) by a solid state reaction. Fig. 3 shows the galvanostatic discharge profiles for the flake-like LiCoO 2 and the C1 electrode cycled over the voltage range of 4.4-2.5 V vs. Li/Li + . It is evident that the flake-like LiCoO 2 has a higher initial discharge capacity, reversible capacity and cycle stability than C1 in the range from 0.1 to 2 C. The discharge capacity generally shows a gradual decrease for the initial few cycles, and then stabilizes for the rest of the cycles. The discharge capacity remains 153 mA h g À1 at 0.1 C even after 100 charge-discharge cycles; this represents >93.9% retention in capacity. At 2 C, there is still about 81% capacity retained after 100 cycles, where the C1 cathode suffered a more pronounced capacity-decay. At 5 C, the flake-like morphology disappeared. Again, the unique morphology and low surface area are the main reasons for the difference observed between the flakelike and irregularly shaped LiCoO 2 cathodes.
To understand the failure mechanisms, the battery with the flake-like LiCoO 2 cathode was disassembled after 3 and 100 cycles, and the cathode powder was measured and examined by XRD, SEM and TEM. Fig. S9 (ESI †) for the sample after 3 cycles may explain why there was a capacity fading during the initial few cycles. Similar microstructures shown in Fig. S7 and S10 (ESI †) for the samples after 100 cycles seem to suggest that the microcracks induced during cycling occur only in the first few cycles. Once created, these micro-cracks remain relatively unchanged for the rest of the cycles with stability. Moreover, this micronsized dense and thick flake structure takes up less space when compared with nano or macroporous structures. The tapdensity of this powder is as high as 2.78 g cm À3 , which is suitable for achieving high volumetric energy density. In summary, the dense and thick flake-like structure cathode was demonstrated to have a preferential crystallographic orientation for Li + migration and a better tolerance to cracking, both of which enable a reversible and stable capacity at moderate rates from 0.1 to 2 C. Should safety and capacity retention be considered the first priority, the low surface-area flake-like LiCoO 2 presented in this study would be a better choice for LIBs. Y. H. H. is grateful for support from the National Natural Science Foundation of China (No. 51361130151).
